ABSTRACT The force model of protein-mediated membrane fusion hypothesizes that fusion is driven by mechanical forces exerted on the membranes, but many details are unknown. Here, we investigated by x-ray diffraction the consequence of applying compressive force on a stack of membranes against the hydration barrier. We found that as the osmotic pressure increased, the lamellar phase transformed first to a new phase of tetragonal lattice (T-phase) over a narrow range of relative humidity, and then to a phase of rhombohedral lattice. The unit cell structure changed from parallel bilayers to a bent configuration with a point contact between adjacent bilayers and then to the stalk hemifusion configuration. The T-phase is discussed as a possible transition state in the membrane merging pathway of fusion. We estimate the work required to form the T-phase and the subsequent hemifusion-stalk-resembling R-phase. The work for the formation of a stalk is compatible with the energy estimated to be released by several SNARE complexes.
INTRODUCTION
In at least one type of membrane fusion mediated by soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), the formation of protein complexes is thought to transduce force to cause the merger of lipid bilayers (1-7). However, there are still open questions about how fusion proteins direct the contact and merger between the two participating membranes (3, 4, (8) (9) (10) (11) (12) . Here, we test the hypothesis that the bilayers merge as a result of applying compressive force to the juxtaposed bilayers (1, 2, 6, 7, 13, 14) . We studied this problem by applying osmotic pressure to a stack of lipid bilayers in water, which is equivalent to applying mechanical pressure to the lipid bilayers to squeeze out the water from the interface (15, 16) . We found that the ensuing phase transition revealed a new state in which two bilayers were in point contact. The point contact then evolved to a stalk state, as discovered previously (17) , in which contacting monolayers merged in hemifusion. The work required to create a stalk is in the range of 50-100 kcal/mol, depending on the lipid composition. The area of lipid bilayer required for creating a stalk (the fusion zone) is~64 nm 2 . These results suggest that membranes would merge in a predictable manner to the stalk hemifusion state by a compressive force applied to a fusion zone, and such a force can potentially be delivered by the formation of SNARE complexes randomly distributed at an appropriate concentration (6) .
A major problem of membrane fusion research has been the difficulty of trapping and determining the structures at the various stages of fusion. Freeze-fracture electron microscopy has not been able to reveal the transforming structures of membranes (18) (see also Siegel and Epand (19) ). Thus, despite the knowledge of crystalline structures for various fusion proteins (6, 20) , it is difficult to perceive the actions performed by these proteins after the initial step of forming complexes that brings two membranes into close proximity (2, 4, 8, 21, 22) . So far, the structure of one intermediate lipidic state of membrane fusion has been identified. Based on accumulated evidence from fluorescence and other experiments, it has been widely believed that most, if not all, biological membrane fusion proceeds through a hemifusion intermediate in which the two contacting leaflets of apposed bilayers merge but the distal leaflets and aqueous compartments remain separated (1, 10, (23) (24) (25) (26) . The membrane structure of this hemifusion intermediate called a stalk has been captured in a phase of phospholipids under osmotic pressure and revealed by x-ray diffraction (17) . The experimental confirmation of this intermediate structure has helped to make the stalk hemifusion pathway a key concept for interpreting the data of membrane fusion in recent years, e.g., (8, 12, 22, 26, 27) .
However, the molecular process from the separate bilayers to the state of hemifusion is still unknown (3, 4, (8) (9) (10) 12, 26, 28, 29) . Thus, there are various proposals explaining how the separation may be closed by protein-induced membrane curvature, including possibly nipples or microprotrusions (3, 4, (8) (9) (10) (11) (12) 30) . Upon closing the separation, the merging still requires a transition through the potential barrier that normally maintains the structural integrity of lipid bilayers (28) (29) (30) . It is experimentally well established that there is a phenomenological repulsive force between two approaching (parallel) lipid bilayers, whose strength exponentially increases as the approaching distance decreases to within a few nanometers (called the hydration force) (16, 31) . How fusion proteins transition through this potential barrier is unclear. Is it an intrinsic property of fusion proteins that they deform lipids, the physicochemical properties of the lipids themselves, or some combination of both? Recent theoretical work has suggested the existence of a prestalk transition state as a relevant lipid configuration pathway toward the formation of a stalk (28, 29) . Thus, we seek experimental verification of a prestalk transition state.
One possible mechanism for merging is that during the formation of fusion protein complexes the process exerts a mechanical force on membranes (1,2,6,7). Accordingly, we examined the physical configurations of compressed lipid bilayers by x-ray diffraction on an equivalent system of bilayers under osmotic pressure. Here, we report the discovery of an intermediate phase between the lamellar and the stalk phases. The unit cell of the new phase shows lipid bilayers in a docking state wherein the two bilayers contact at a point. The structure suggests a precursor state that initiates membrane merging, thus showing the lipidstructure pathway from separate bilayers to a stalk. The results allow us to estimate the energy required for hemifusion, as well as the size of a fusion zone.
EXPERIMENT
Grazing-angle multiwavelength anomalous diffraction 1,2-distearoyl(9-10dibromo)-sn-glycero-3-phosphocholine (di18:0(9,10Br) PC) was purchased from Avanti Polar Lipids (Alabaster, AL). This lipid was chosen because the bromine atoms allow the use of the multiwavelength anomalous dispersion (MAD) method for diffractionphase analysis (32) . It has been shown that the property of a Br substitution is equivalent to that of a methyl group CH 3 ; the CH 3 -Br exchange does not alter the crystalline structures of glycerides (33) . We have found that even though its chains are saturated, di18:0(9,10Br)PC is similar to DOPC in its phase behavior (34) (35) (36) and in its interactions with peptides (34, 37) .
Multilamellar samples were prepared as described in Ludtke et al. (38) . Briefly, the lipid was dissolved in 1:1 trifluoroethanol-chloroform solvent and uniformly deposited on a thoroughly cleaned silicon wafer. The organic solvent was evaporated in vacuum and then the deposit was hydrated with saturated water vapor at 35 C until the lipid film appeared smooth, uniform, and flat. The sample was 1 mg of lipid spread over an area 10 Â 20 mm 2 . During the x-ray experiment, the sample was kept in a humidity-temperature chamber as described in Yang and Huang (39) .
Diffraction data were collected at the beamline X21 of the National Synchrotron Light Source, Brookhaven National Laboratory (Upton, NY). Grazing-angle x-ray diffraction was performed as previously described (39) . Aligned multilayers of di18:0(9,10Br)PC on a flat substrate were scanned at a grazing incident angle (~0. 3 relative to the substrate) in the range of temperature 15 -35 C and relative humidity (RH) 40%-100%. The diffraction patterns were recorded on a 2D detector perpendicular to the incident x ray.
The technical detail for the MAD method has been described in previous works (32, 34, 35) . First, the absorption spectrum of bromine in the actual sample was measured (K-edge at 13.474 keV). By a standard procedure, the real f Table 1 of Qian et al. (34) ). Each diffraction pattern was measured at these 10 chosen x-ray energies.
RESULTS AND ANALYSIS

Discovery of a tetragonal phase
In the temperature range studied, 15 -35 C, the lipid at full hydration (zero osmotic pressure) was in a fluid lamellar (L) phase (Fig. 1 A) . Lamellar diffraction as analyzed previously (32) showed parallel bilayers separated by the phosphate-group-to-phosphate-group (P-P) distance of 2 nm. This P-P distance steadily decreased as the osmotic pressure increased (decreasing RH). At~64% RH (25 C), the lipid-water system underwent a phase transition. The new phase appeared in a periodic lattice of tetragonal symmetry (space group I4 1 ( Fig. 1 B) ). As the humidity level further decreased to~60% RH, the tetragonal (T) phase transformed to a rhombohedral (R) phase of lattice symmetry R3 (Fig. 1 C) . Below 60% RH, the system remained in the R phase and no further phase transition was observed.
The same L, T, and R phases appeared in each temperature between 15 and 35 C as a function of RH (see phase diagram in the Supporting Material). The phase boundaries have a small positive slope in the plot of RH versus temperature; otherwise, the diffraction patterns in each phase ( Fig. 1) are closely similar at different temperatures. Strongest diffraction patterns were obtained at 15 C, which were used for analysis. The primitive unit cell of the T phase has dimensions a Â a Â 4c, with a ¼ 7.99 nm and c ¼ 5.06 nm. The unit cell consists of four square bilayer units. If the center of the first bilayer unit is at the origin (x ¼ 0, y ¼ 0, z ¼ 0), the centers of the second, third, and fourth square bilayer units are, respectively, at ða=2; 0; cÞ; ða=2; a=2; 2cÞ; ð0; a=2; 3cÞ for righthand screw symmetry, or at ð0; a=2; cÞ; ða=2; a=2; 2cÞ; ða=2; 0; 3cÞ for lefthand screw symmetry. Both would give the same diffraction patterns. Seventeen independent diffraction peaks were detected ( Fig. 1 B) and measured at 15 C and 56.5% RH. (At 15 C, the L/T transition is at~58% RH and the T/R transition at~54% RH.) FIGURE 1 Grazing-angle diffraction patterns of di18:0(9,10Br)PC as a function of osmotic pressure (expressed by RH) at 25 C in (A) the L phase at humidity levels >64% RH, (B) the T phase at humidity between 64% and 60% RH, and (C) the R phase at humidity <60% RH.
Biophysical Journal 102(1) 48-55
Br MAD analysis Data reduction for the Br-MAD method has been described in previous articles (32, 34, 35) . Symmetry-related peaks are grouped as one independent peak and their intensities averaged. Seventeen independent peaks are listed in Table 1 . The integrated intensities of the diffraction peaks were reduced to the relative magnitudes of the diffraction amplitude jF l j at 10 different x-ray wavelengths, l.
Let F l (Q) be the Fourier transform of the electron density within one square lipid-bilayer unit (1/4 of the unit cell). We denote the normal diffraction amplitudes of the whole system as F 0 , the normal diffraction amplitudes of the Br atoms alone as F 2 , and the scattering factor of Br as
The T-lattice is not centrosymmetric. However, the lipidic structure in each bilayer unit arose spontaneously from symmetric bilayers. Therefore, the average molecular distribution in the bilayer unit is most likely approximately centrosymmetric. We assume this is the case, and the assumption will be directly tested and validated by the data. Under the assumption of centrosymmetry, the amplitudes F 0 and F 2 are real quantities, which leads to the equation
, On the righthand side of this equation, the second term is~1% of the first term, due to the fact that at energies below the K edge, the values of f 00 l are~10% of jf 0 l j (34). Therefore, we obtained the approximate relation
The data jF l j versus jf 0 l j = f n show high degrees of linearity (Fig. 2) . Therefore, from Eq. 1, the magnitudes of F 0 , F 2 , and their relative phase can be obtained by a linear fit. From the straight-line fitting in each panel of Fig. 2 , the intercept of the fitted line gives jF 0 j; the magnitude of the slope gives jF 2 j; and the sign of the slope gives the sign of ÀF 0= F 2
. The results for 17 independent Bragg peaks are listed in Table 1 . The strong correlations of the linear fits (the correlation coefficients of the linear fits are in Table 1 ) indicate excellent quality of the data and, most importantly, justify the assumption of centrosymmetry in the lipid bilayer unit, since the linear relation Eq. 1 would not be valid without this assumption.
Phase determination
Our method yielded two sets of corresponding diffraction amplitudes, one for the whole lipid system and another for the Br atoms alone, as well as their relative phases (Table 1) . Of significant importance, the result also validated the assumption that within the experimental resolution the electron density distribution in each bilayer unit is centrosymmetric. The centrosymmetry limits the phase of each diffraction amplitude to either 0 or p. This allowed us to examine all the possible phase combinations to determine the structure that makes physical sense. For a given choice of phases for F 0 or F 2 , the unit cell structure for the whole system (if F 0 is used) or for the Br distribution (if F 2 is used) is given by
where the unit-cell form factor uðH; K; LÞ ¼ 1þe
Á and B 1 ¼ ð1=a; 0; 0Þ; B 2 ¼ ð0; 1=a; 0Þ; B 3 ¼ ð0; 0; 1=4cÞ. In principle, the Fourier synthesis with each term in the unit-cell form factor will reconstruct the electron density of the corresponding bilayer unit in the unit cell. Thus, the electron density of the bilayer unit with its center at the origin is obtained by replacing the form factor by 1 in Eq. 2. The unit cell is then built with four bilayer units arranged by a 4 1 screw operation.
A lipidic structure is defined by a continuous atomic (and molecular) distribution rather than by discrete atomic positions as in protein crystals. This is why the diffractions of lipidic structures are limited to low resolution (34) . Only the high-electron-density groups, i.e., the distribution of Br atoms, and the distribution of phosphate headgroups are clearly identifiable in our case. In the last few years we have used the Br-MAD method to solve the structures of the hexagonal phase (35) , the distorted hexagonal phase (36) , and two different transmembrane pore structures Results of multiwavelength anomalous dispersion analysis for the T phase of di18:0(9,10Br)PC at 56.5% RH, 15 C. Seventeen independent diffraction peaks, denoted by crystal indices (H,K,L), were detected. jF 2 j, jF 0 j, and -F 0 /F 2 were obtained from the linear fits shown in Fig. 2 . ε is the correlation coefficient of the linear fit.
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in the R phase (34, 37) . To solve the phase problems for these structures, we have made use of the Patterson function (34) (35) (36) , the swelling method (37), and modeling methods (34) (35) (36) . Through this experience, we have realized that we could have chosen the correct phases by examining all the possible phase combinations and obtained the same results. This is possible because the correct electron distributions must satisfy considerable constraints. First, the phases for F 0 and F 2 are correlated in the sense that if one were chosen incorrectly, the other would also be incorrect. Second, we know that lipid molecules with water always form continuous layers (40) . The requirements that 1), the Br distribution constructed from F 2 and the whole lipid distribution constructed from F 0 must be mutually consistent, and 2), the Br distribution and the phosphate distribution must constitute continuous, parallel layers provide sufficiently stringent conditions to determine the correct phases. We inspected all the possible combinations of phase choices and found the only structure that satisfied these two requirements, as shown in Fig. 3 (details in the Supporting Material). The corresponding phases are given in Table 1. FIGURE 2 Multiwavelength anomalous dispersion analyses for the detected peaks. For each independent peak, the square root of the integrated intensity, jF l j, is plotted as a function of jf 0 l j = f n. The data are fit with a straight line, from which jF 0 j, jF 2 j, and the ratio F 0= F 2 are obtained. The results are shown in Table 1 .
The T-phase structure
The T phase electron density distribution in a bilayer unit showed that two adjacent lipid bilayers curved toward each other to form point contact (Fig. 3) . The ridgeline of the electron density distribution representing the phosphate layer marks the positions of phosphorus (P) atoms. The shortest P-P distance between the two bilayers is 0.90 nm. Perhaps the two headgroups (the phosphorylcholines) are in contact, but there is no direct proof. For the convenience of discussion, we call the configuration of the two lipid bilayers in T phase in point contact. Outside of this region of point contact, the P-P distance gradually increased to 1.61 nm at the edge of the unit cell. Lipid bilayers abruptly transformed to this configuration of point contact from a parallel configuration in the lamellar phase where the P-P distance was a uniform value of 1.20 nm, right before the phase transition. Starting from the fully hydrated L phase where the P-P distance was~2 nm (32), osmotic pressure applied to the multilamellae monotonically decreased the P-P distance without changing the parallel configuration until the P-P distance reached this critical value of 1.20 nm. At this point, a slight increase in osmotic pressure transformed the parallel bilayers to a configuration of multiple contact points, one contact point for every (7.99) 2 nm 2 area. Most surprisingly, this point-contact configuration between lipid bilayers is sufficiently stable to form a periodic lattice. As the osmotic pressure further increased, the lipid configuration at each contact point abruptly transformed to a stalk (17, 39) , and the stalks rearranged into a rhombohedral lattice of crystal axes a 1 ¼ (a, 0, 0) a 2 ¼ ðÀa=2; ffiffi ffi 3 p a=2; 0Þ and a 3 ¼ ða=2; a=2 ffiffi ffi 3 p ; cÞ, with lattice constants a ¼ 7.58 nm and c ¼ 5.00 nm (Fig. 3 C) .
DISCUSSION
Existence of a prestalk transition state
The R phase was discovered in an earlier study (17) and subsequently found in most bilayer-forming phospholipids with unsaturated chains, for example, DOPC (41) or its mixtures with DOPE (41) or with cholesterol (36, 42) . The resolved electron density distribution of its unit cell showed that the adjacent leaflets of two apposed bilayers merged to form an hourglass-like connection (17) . This discovery confirmed the long-speculated stalk intermediate state (43) . The T phase had escaped discovery until recently (34) and is analyzed here for the first time, to our knowledge. In other lipid compositions, e.g., DOPC/DOPE mixtures, the T phase might be among the coexisting phases observed between the L phase and the R phase (41) , and it would require a fine control of RH and a careful search to find it (an example for DOPC/DOPE 1:2 is shown in the Supporting Material). Typical phase boundaries exhibited multiple coexisting phases over an~2% range in RH. Therefore, it is difficult to isolate a phase if it exists within a range (2% in RH. The T phase of di18:0(9,10Br)PC has a range of 4% in RH.
Although in many cases the T phase may exist in too narrow an RH range between the L and R phases to be isolated, the changes from the L to T to R phases are the logical structural transitions for bilayer-forming phospholipids under increasing osmotic pressure (41) . It is important to note (and it has been demonstrated experimentally (15, 16) ) that applying osmotic pressure is entirely equivalent to applying mechanical pressure to the lipid bilayers, allowing the water to be squeezed out. Therefore, it is Biophysical Journal 102(1) 48-55
conceivable that these transitions can also occur between two parallel lipid bilayers subject to a compressive force, as in membrane fusion. Indeed, in a separate experiment, we injected a small volume of polymer solution in the vicinity of two closely positioned giant lipid vesicles (radius 10 mm) to provide an osmotic-depletion attractive force (44) between the two adjacent lipid bilayers. We found that hemifusion between the two vesicles would occur if the vesicles were made of lipids of negative spontaneous curvature (45) .
When two lipid bilayers are forced to approach each other, there is an exponentially increasing potential energy resisting further decrease of the separation distance (16) . However, at a certain distance, the energy of the system could be lowered by developing a contact region whereby the water molecules originally in the space occupied by the contact region are redistributed to increase the separation distance outside the contact region, provided that the contact region is no longer subject to the exponential hydration force. This argument was given by Kozlovsky et al. (46) as the energetic reason for the formation of the stalk phase. The hydration force (16) is a macroscopic phenomenon between hydrophilic surfaces. It may not operate between two small surfaces each consisting of a few lipid molecules. If this were true, small contact regions would develop in a stack of multiple bilayers at a sufficiently high osmotic pressure as we observed, according to the argument given by Kozlovsky et al. The existence of the T phase structure essentially proves that the point contact between bilayers is a low-energy state. Theoretical estimates and molecular dynamics simulations have suggested possible bilayerbilayer contacts by a point-protrusion from a bilayer (28) or by two hydrocarbon chains of a single lipid inserting into the opposing membranes (29) . Although such point contacts are consistent with our result, it is beyond the resolution of diffraction to confirm or disprove such microscopic structures.
Merging of lipid bilayers by force
Most significantly, our results show that there is a definitive merging pathway for a pair of lipid bilayers under a compression force against the hydration barrier. This result supports the force model of Jahn and Scheller (6), i.e., SNARE assemblies exert a compressive force on the juxtaposed membranes, perhaps by the zippering of SNARE complexes toward the linker regions (2, 6, 7, 13, 14, 26) . As an illustration, consider a fusion reaction initiated by the assembly of SNARE complexes at a concentration of one complex/~64 nm 2 (the size of the T-phase unit cell) in the plane of juxtaposed membranes. Assuming that the complexes are randomly distributed, there will be a high probability for a protein-free region of~64 nm 2 to be surrounded by approximately four SNARE complexes (Fig. 4) . Then, if the SNARE complexes exert a sufficient compressive pressure, the bilayers within the area would spontaneously develop a point contact, which would further evolve into a hemifusion stalk. Thus, in this model, no mechanism is required to ring the proteins around a fusion zone.
We can also estimate the energy required for a stalk formation. The osmotic pressure is given by P ¼ Àðk B T = y w Þ ln ðRHÞ, which is equivalent to a mechanical pressure P applied to the lipid bilayers while allowing water access to an external reservoir (15, 16, 31 ) (k B is the Boltzmann constant, T the absolute temperature, v w the molecular volume of water). At 64% RH (25 C) , when the point contacts develop, the equivalent pressure on the lipid bilayers is P ¼ 6.1 Â 10 8 dynes/cm 2 . The repulsive pressure by the hydration force between lipid bilayers is empirically expressed as P ¼ P 0 e Àd w =l , where P 0 and l are fitting parameters and d w is the water-layer thickness (16, 31) . There is no clear definition for the water-layer thickness between lipid bilayers when its value is in the range (2 nm, because there is no planar separation of water and lipid. Thus, the value of l depends on the definition of d w , which was fully discussed in Rand and Parsegian (31) . P 0 and l have been measured for a wide range of lipids, e.g., P 0 ¼ 10 10:6 dynes=cm 2 ; l ¼ 2:1 A for DOPC, and P 0 ¼ 10 10.2 dynes/cm 2 , l ¼ 1.8 Å for DOPC/DOPE 1:3 (31). By the empirical expression, the work done by the compressive force is W ¼ A R d w N P 0 e Àz=l dz ¼ AlP, where A is the area to which the pressure is applied. (Note that to calculate W we do not need to use a value for d w , the correct value of which is difficult to determine (16, 31) .) Thus, the work done to overcome the hydration barrier for each contact region (64 nm 2 ) is 118 kcal/mol (using l ¼ 2.1 Å ). This is essentially the work done for producing a stalk, because very little work was done in the transition from the T phase (the point-contact phase) to the stalk phase. This energy depends on the lipid composition. For DOPC/DOPE (1:1), the L-to-R transition occurs near 80% RH (41); the work done for overcoming the hydration barrier to produce each stalk is~60 kcal/mol. Addition of cholesterol is known to raise the RH for the L-to-R transition (36, 42) . Thus, it is reasonable to estimate that in general, the energy required for producing a stalk is in the range 50-100 kcal/mol (a precise value can be measured for each lipid composition). This energy range is compatible with the~20 kcal/mol energy estimated to be released by each SNARE complex formation (47) , since apparently multiple SNARE complexes are involved in each fusion reaction (6, 20) .
Thus, our result suggests a distinct possibility that the formation of trans-SNARE complexes delivers a compressive force that initiates and completes the partial merger of membranes to the stalk hemifusion state. Merging by compressive force follows a definitive pathway: a point contact develops spontaneously between membranes that leads to a stalk. Recent evidence showed that hemifusion is a stable intermediate that may be used to prime synaptic vesicles for speedy response to calcium during synaptic transmission (14, 23, 26) . Our studies (osmotic-pressureinduced phase transitions (41)) did not indicate that compressive force alone could advance fusion beyond stalk hemifusion. Additional actions on the membranes are likely needed to complete the remaining merging process to full fusion.
SUPPORTING MATERIAL
Phase diagram of di18:0(9,10Br)PC, T phase in DOPC/DOPE mixtures, solution to the diffraction phase problem, and three figures are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)05360-4.
